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Abstract

This paper presents a description of the general construction of three high bandwidth liquid fuel
modulators along with data corresponding to their respective modulation performance. These devices are
a critical element of the National Aeronautics and Space Administration Glenn Research Center’s
(NASA GRC) Active Combustion Control (ACC) task. These devices are not commercially-off-the-shelf
available, primarily due to a 1 kHz bandwidth requirement. Given their special nature, NASA GRC
developed specifications for the modulation devices and then, through Small Business Innovative
Research (SBIR) contracts, had vendors with expertise in valve design manufacture them. The modulators
described in this paper are the Active Signal Modulator (ASM), the Jansen’s Aircraft System Controls
(JASC) modulator, and the WASK Engineering (WASK) modulator. These modulators utilize
magnetostrictive, electric motor, or piezoelectric actuation, respectively. The specifications for these
devices evolved over time to meet the needs of changing objectives in the ACC research task. This is
primarily true with respect to flow number as their designs accommodate a range from 1 to 8 (Ibm/hr-psi®?).
These designs also exhibit relatively small volume, weight, and power consumption with an ability to
modulate approximately 30 percent from the mean on a pressure basis. The modulators have been
characterized and have undergone laboratory performance tests by the vendors. Their data indicated
suitability for continued use in ACC research testing.

Introduction

In response to increasingly strict limitations on emission output levels for both land-based and aircraft
gas turbine engines, combustion research has focused on premixed lean combustion designs. However,
these lean-burning concepts have shown an increased susceptibility to combustion instabilities (Refs. 1 to 5).
These instabilities can cause combustor pressure oscillations which lead to premature mechanical failure.
They are characterized by a coupling (i.e., mutual reinforcement) of the combustion heat release
perturbations with the inherent combustor geometry acoustic pressure perturbations (thermo-acoustic
instabilities). Ideally, passive techniques would be the most attractive solution to solve these problems
because they minimize weight and component count, but given the extent of dynamic conditions that
occur over the complete mission cycle of an aircraft engine, passive techniques may not be fully
successful. Additionally, passive techniques can add to combustor losses, and must be “designed in”
whereas active approaches can be used on existing designs. For this reason, it becomes prudent to also
investigate Active Combustion Control (ACC) techniques (Refs. 6 to 19).

The ACC concept addresses the instability mechanism previously mentioned. The basic approach is
to modulate and control the fuel flow (Refs. 15 to 18) through the combustor fuel injector(s) to disrupt the
coupling and suppress the pressure oscillations. In previous ACC research (Ref. 19), combustion
instability was successfully suppressed by modulation of the fuel through the main fuel injectors. The
question remains, however, of whether or not successful instability suppression can be accomplished by
modulating a smaller percentage of the total fuel supply through the pilot(s) injectors. If so, it would offer
certain advantages in terms of emissions reduction. It would also permit the development of potentially
smaller, lighter, and less power demanding modulation devices that can be integrated into the injector
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assemblies. For the purpose of answering this question, the fuel modulators described here have been
designed and developed to modulate fuel flows that are appropriate for pilot injectors.

For the instability suppression demonstrated in the past at the National Aeronautics and Space
Administration Glenn Research Center (NASA GRC), fuel modulation was applied to the greater
percentage of fuel flowing through the main injectors. In this application a magnetostrictive actuation
device developed by the Georgia Institute of Technology was utilized. This device was designed to
accommodate a nominal flow number (FN) of 110 (Ibm/hr-psi®®). Later, the research focus changed and
was redirected at demonstrating combustor pressure modulation and potential for active instability
suppression through modulation of the pilot flow, which had a flow number of 8 (Ibm/hr-psi®?). The
results for this application, using the same Georgia Tech modulator, were not as good (Ref. 19). For this
reason additional modulators were sought which were designed more appropriately for the lower flow
number range of 1 to 8 (Ibm/hr-psi®3). Equation (1) provides the definition of FN. It is simply the ratio of
mass flow rate, m, in lbm/hr to the square root of the pressure difference, AP, in psi across an orifice
(akin to flow coefficient, Cv, in fluid mechanics). The remainder of this report will state flow numbers
without units, but it should be understood that the units of (Ibm/hr-psi®®) apply.

FN=—"_ (1)

Jap

Successful control of combustion instabilities through pilot fuel modulation will depend on whether
the percentage of fuel modulation is sufficient to effect the combustor instability pressure and whether the
modulator, through its connecting fuel line system, exhibits sufficient modulation strength at that
frequency to attempt closed loop control. In the body of research to date, combustion instabilities in gas
turbine engines have generally been observed in the 300 to 1000 Hz range (military engines have
encountered some even higher frequencies). Unfortunately, actuators with this bandwidth are not
available as off-the-shelf manufactured items so it becomes necessary to develop custom fuel actuators.
NASA GRC opted to develop specifications for ‘low’ FN, high bandwidth modulators and then used
outside vendors to develop such devices.

The remainder of this paper will focus on the three high bandwidth fuel modulators developed for
NASA GRC’s ACC research concerned with modulating combustor pilot fuel flow. These modulators
are: Active Signal Technologies Modulator, Jansen’s Aircraft System Controls Modulator, and WASK
Engineering Modulator. For each, specifications will be presented along with a brief description of its
physical construction and then data that provides a measure of its performance. Unfortunately, a direct
comparison between the measures of performance for each modulator cannot be made because the data
presented are not obtained from a common flow bench. In lieu of this shortcoming, the paper will close
with general conclusions about the performance and reliability of each modulator with respect to its
conceptual makeup, and a projection of their use in future work.

The Active Signal Technologies Modulator (ASM)

New modulator design specifications were drafted by NASA GRC and incorporated into a 2008
Small Business Innovative Research (SBIR) solicitation. These specifications are shown in Table 1.

TABLE 1.—ACTIVE SIGNAL MODULATOR DESIGN SPECIFICATIONS

Maximum mean flow rate 90 lbm/hr

Flow number range 3t08

Inlet pressure range 400 to 1000 psi
Minimum outlet pressure 250 psi

Desired modulation +40% of mean mass flow
Minimum bandwidth 1000 Hz

Flow media Water, JP-8 jet fuel
Maximum operating temperature 300 °F

Failure mode Open
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In response to the SBIR solicitation a proposal submitted by Active System Technologies (AST) was
awarded. They partnered with Moog, Inc. to develop and construct a magnetostrictive-based modulator
(to be referred to as the ASM). They were awarded a Phase I contract and later a contract through a
Combustion NASA Research Announcement (NRA). Figure 1 shows an annotated view of the modulator
exterior that identifies its main elements. The provided scale indicates its dimensions to be about 17.5 by
3 by 3 in.; its weight is about 11 Ib. The size and weight of the ASM is comparable to that of the Georgia
Tech Valve (GTV). Figure 2 shows an annotated cutaway drawing of the ASM. From the drawing one
can observe the basic construction of the modulator and identify three distinct functional sections: Dry
End, Wet End, and Stepper Motor/Optical Encoder.

It is beyond the scope of this document to provide a comprehensive engineering description for any of
the modulation devices being discussed herein. That information can be found in the vendor’s Final
reports and for the ASM they are cited in References 20 and 21. These reports are not publicly available.
To secure a copy of these references, the reader must contact the contractor directly and make a formal
request through them. The reference they provide may be redacted in some respects in order to protect
information they consider proprietary. The contractor’s address is provided as part of the reference as a
convenience. The following brief general description of its operation is provided to permit better
understanding without disclosing any proprietary information.

Poppet stem and ‘cone’—\

Cup and cone modulation \ r— Die spring — Magnetostrictive

. o ! /
interface (outlet) — \\ — Poppet flange ,  stack
Threaded ‘cup’seat—  \ | L 7 Oiferhiousii
\ | Stack pintle —
_ v I P
Stepper motor . \ - ‘ ll | // /
1 M

i \
Optical encoder —, %, NI

/
< Inlet “—Eddy current sensor

Wet end >|< Dry end

Figure 2.—Schematic Cutaway View of the ASM.
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The ASM is driven by a current-source sinusoidal signal that is generated as the result of amplifying
and converting the voltage output of a signal generator (ranging from 1 to 3 V p-p). A custom-built
control box, provided by AST, serves as an interface between the amplifier output and the
magnetostrictive stack. In response to the ‘command’ signal delivered by the signal generator, the stack
components (comprised in large part of Terfenol D) undergo a cyclic crystallographic plane straining and
restoring in accordance with the user specified sinusoidal amplitude and frequency. The amplitude of the
sinusoid is directly related to the magnitude of the induced strain that is ultimately observed as the axial
displacement of the stack. To prevent the Terfenol D from experiencing inelastic straining, a limit must be
imposed on the user-specified amplitude for the sinusoid to avoid any permanent deformation. Bench
tests conducted at AST indicated a maximum achievable displacement of 4.8 mils p-p for a thermally-
limited amplitude specification that does not exceed 14 A p-p. For issued command signals adhering to
this limitation, the resulting stack displacement imparts a force, via an attached pintle, onto the poppet
flange. Integral to the poppet flange is the poppet (‘cone’) whose corresponding displacement acts to
change the effective flow area between itself and the seat (‘cup’). A die spring is used as a restoring force
for the stack; the stack is installed with a preload on the spring to optimize operation. The mean flow
condition for a test operation is created by the movement of the seat, via the stepper motor, to set the
spatial distance between itself and the poppet when there isn’t any modulation occurring. Operation of the
modulator after the mean condition is established will induce thermal growth within the stack due to
heating resulting from the high frequency cyclic motions. For this reason a mean flow controller is used to
command the stepper motor to adjust the spatial distance between itself and the poppet in order to
compensate for the growth, thereby maintaining the proper mean flow condition. An eddy current sensor
that measures the displacement of the poppet flange is used as feedback for this controller.

Performance tests were conducted at NASA GRC using a flow bench that used city water as the
working fluid. The essence of the flow bench test section is depicted in Figure 3. In that figure a coriolis
principle-based flow meter, a bladder accumulator, the test candidate, a variable length tube, a needle
valve, and pressure transducer instrumentation are identified as the main constituent components. In
general, the rationale for the circuit design is to provide a quiescent fluid source to the test candidate as it
operates on that fluid, and then introduce an orifice downstream, acting as a simulated fuel injector, to
receive the candidate’s modulated output. In so doing, the circuit approximates the modulator’s
installation on a combustion research rig sans the flame. An elaboration of this circuit functionality
follows.

— Variable length tube
i

[PsUp| [PsMod] III [P:s{yﬁ?a

Working fluid in  [ISE Test AJI;AL
meter [§/AAccumulator g candidate ;

P Spp——
I

Payndyn3|

To drain
(atmosphere)

[PaynUp| |PayaMod|  1Pgyndyn3
Figure 3.—NASA Flow Bench Test Section.
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The working fluid is supplied to the test section by a positive displacement piston pump. This type of
pump type introduces ‘pressure noise’ over a broad range of frequencies due to the reciprocating motion
of the pistons. To eliminate this unwanted noise, the pumped fluid is passed through the bladder
accumulator to dampen (filter) the pressure oscillations before it is introduced to the test candidate. The
test candidate, being issued a sinusoidal command, operates on the fluid to produce a sinusoidal output
having the same frequency as the command (the output’s amplitude will vary as a function of frequency).
The sinusoidal output continues to travel downstream to a needle valve, which has a variable orifice and
serves as a simulated fuel injector. The fluid then passes from the needle valve to a drain at atmospheric
pressure. The test section has two configurations. The first configuration has a very short or ‘minimum’
length separation between the modulator exit port and the orifice. This is referred to as the ‘short
configuration” where the test candidate output port is closely connected to the needle valve (the
transducers labeled P,dyn3 and P¢dyn3 are not used). The data collected in this configuration is
considered baseline data since the performance of the modulator is the best it can be as it is not degraded
by line losses due to capacitance and/or inductance brought on by the extra length of travel. Note the
internal diameters (ID’s) of compression fittings, etc., are not necessarily the same as that of the fluid line,
in which case the performance of the setup can be further improved. The second configuration, referred to
as the ‘long configuration’, involves using various lengths of tube between the modulator output and the
needle valve. Line lengths of 24 and 53 in. were typically used. The data collected in this arrangement
permitted measurement of the modulator’s output degradation due to traveling the extra length of tube to
the needle valve.

Discrete perturbation tests were conducted that subjected the modulator to sinusoidal commands
having a fixed signal generator amplitude of 1.5 V peak. An independent measurement taken during
testing showed this setting resulted in a current input that didn’t exceed the 7 A peak current limit that the
modulator can safely accept. The commands were issued with frequencies in the discrete range of
100 to 1000 Hz in 100 Hz increments. Separate transducers were used to measure the dc and ac
components of the absolute pressure. The transducers labeled an ‘s’ subscript pertain to dc measurements
whereas the transducers labeled with a ‘dyn’ subscript pertain to the ac measurement. Separate
differential pressure transducers were used to measure the pressure difference across the modulator and
the needle valve. These measurements were used together with the mass flow rate measurements and
Equation (1) to calculate the respective flow numbers (FNtc and FNny — TC referring to Test Candidate,
NV referring to Needle Valve). Table 2 presents a summary of the dc conditions common to all the tests.

Representative baseline (tube length = min) data is presented in Figure 4 for the 100, 500, and
1000 Hz tests. The plots present power spectra for corresponding pressure time traces of the PgynMod
measurement. The power spectrum is generated in MATLAB (The Mathworks, Inc., Natick, MA) using
the Pwelch command to get the Power Spectral Density (PSD). In general, the data confirms that the
dominant frequency in each case is that of the commanded frequency. Harmonics (and subharmonics) are
also present, but their magnitude is 20 percent or less of that at the dominant frequency. Because the
harmonics present are even and odd frequencies of the fundamental, it is believed that these harmonics
are due to the piping downstream of the modulator rather than from noise introduced by the pump.
Perhaps they are due to reflections from variations in the flow areas in the piping. Also, PSD plots of
PdynUp were examined with the modulator at rest and the data showed magnitudes of less than 0.2 across
the frequency range.

TABLE 2.—SUMMARY OF TEST CONDITIONS FOR PERTURBATION TESTS

Tube length, | Mass flow rate, PsUp, PsMod, | DPrc, | PsDyn3, | DPnv, FNrc, FNnv,
in. Ibm/hr psi psi psid psi psid Ibm-hr!-psi-®? Ibm-hr!-psi-®?
min 33.2 160.0 82.3 77.4 - 68.0 3.8 4.0
24 32.6 160.0 83.0 77.2 82.3 67.4 3.7 4.0
53 325 160.0 82.7 774 81.9 67.1 3.7 4.0
NASA/TM—2018-220003 5
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Figure 4.—ASM Performance Data for P4ynMod at 100, 500, and 1000 Hz.

For making an assessment of modulator performance, the PSD amplitude of the modulator output fuel
pressure at the commanded frequency is an important criterion. The higher the amplitude of this pressure
signal, the higher the likelihood that a healthy fuel pressure signal will be delivered to the injector inlet
and therefore, the higher the likelihood that the combustor instability can be controlled (Ref. 16). It is also
important that this PSD pressure signal is free of noise like harmonics, etc., so that the modulator can
closely follow the sinusoidal input command within the desired frequency bandwidth of the modulator,
without exciting unwanted combustor frequencies. Figure 4 shows PSD responses of the modulator at
discrete frequencies with amplitudes which are qualitatively considered to be relatively acceptable (not
too weak but not too strong either), however, with a significant amount of distortion present as it can be
seen in both the frequency and time domain responses. So overall, the performance of this modulator is
somewhat concerning, except perhaps for its performance at 500 Hz.

The performance of the modulator can also be assessed relative to its ability to modulate the mass
flowrate within the desired frequency bandwidth, since, ultimately, it’s the fuel mass flowrate modulation
in the combustor that is generating the pressure wave that is used to control the instability. Thus, the
amplitude of this mass flowrate modulation can be an additional performance measure. For the total mass
flowrate modulation strength which is considered here, however, its harmonic content is not accounted for
and for that the pressure PSD provides for this information.
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For the 100 Hz case, the modulation strength from a pressure sense (time domain) is about 8.4 psi rms
and the ac mean is approximately 13.3 psi. In order to determine the modulation strength on a mass basis,
the ac measurement must be corrected by the actual mean pressure as reported by PsMod in Table 2. For
the 100 Hz case the actual mean is 82.3 psi and the corresponding maximum and minimum pressures
become 95.6 psi (82.3 psi + 13.3 psi) and 69 psi (82.3 psi — 13.3 psi), respectively. The pressure on the
downstream side of the needle valve is 14.7 psi (atmospheric pressure). The mass modulation strength is
determined from Equation (2) as a percent difference between the maximum (or minimum) mass flow
rate and the mean mass flow rate.

max (OI’ min) - ’hmean |

% Mass Modulation Strength:| " x100% 2)

Mmean

These mass flow rates are obtained by using Equation (1) together with the flow number across the needle
valve and (separately) the pressure differences generated by subtracting atmospheric pressure from the
maximum, mean, and minimum pressures. Table 3 summarizes the mass modulation strength for the plots
shown in Figure 4. The data indicates that the modulation strength is about 8 percent on the positive
stroke with a possible increase due to a resonance occurring around 500 Hz. For the negative stroke the
data appears to indicate that modulation strength decreases with an increase in frequency. No explanation
is immediately available to account for this asymmetric behavior.

The measured modulation strength has significance when considering the ultimate goal of ACC
which is to influence the combustor pressure near the instability frequency to allow for active suppression
of combustor dynamics. Ultimately, the goal may be to integrate these types of modulators into the
injector assemblies, but to date, all tested modulators have been installed at a remote location relative to
the fuel injector of a research combustor. Therefore, for this part of the research the transmission of a
modulator fuel pulse must be strong enough to overcome the attenuations incurred by the different flow
areas or by the line length leading to the fuel injector (could be on the order of approximately 20 to
36 in.). It is for this reason that tests are conducted which introduce additional separation distance
between the modulator and the simulated fuel injector. Pressure measurements are made at the modulator
exit and at the inlet to the injector (needle valve) so that a comparison can be made to determine any
degradation in performance.

Figure 5 presents data that compares baseline and extended line length performance. The plot
represents the average result from several tests where tube lengths of approximately 0, 24, and 53 in. were
used. For all the perturbation tests conducted, the maximum pressure amplitude determined by the PSD at
a given test frequency was recorded at the needle valve inlet. These recorded values at each frequency
were averaged to obtain a representative value. The result of this process showed virtually no distinct
difference in the performance for the extended tube lengths of 24 and 53 in. Therefore, a single ‘curve’ is
presented that represents the performance of the extended tube lengths. The representative points have
been connected by smooth lines. Also presented in the figure is a companion plot that shows the variance
in the data points at a given frequency.

Some general observations that can be made from the plots in Figure 5 are as follows. First, the
maximum pressure amplitude for the baseline data tends to decrease with frequency for the lower end of
the frequency range. In moving from 400 Hz, however, the amplitude increases due to the valve
mechanical resonance. In moving from 600 to 1000 Hz the trend is, in general, a decrease in amplitude.

TABLE 3.—SUMMARY OF MASS MODULATION STRENGTH

Freq., Prm Pmean, PsMOd, Pmax, Pmin‘, FNNV,‘ Mmaxs Mmeans Mmin, %mmax %Thmin
Hz s,psi psi psi psi psi Ibm/hrpsi® Ibm/hr Ibm/hr Ibm/hr
100 8.4 13.3 82.3 95.6 69.0 4 36.0 33.2 29.5 8.4 11.1
500 8.7 13.5 83.0 96.5 69.5 4 36.2 32.6 29.6 11.0 9.2
1000 9.0 9.3 82.7 92.0 73.4 4 35.2 325 30.6 8.3 5.8
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The data for the extended line lengths has a fairly flat performance trend at an amplitude below 2 psi. It
does, however, parallel the baseline data with an increase in amplitude from approximately 400 to

600 Hz. However, the amplitude decrease after the resonance begins sooner than the baseline data and
resumes its flat performance at below 2 psi. Actual tests with a combustion research rig would be required
to determine if the lower amplitude performance would be sufficient to influence the combustion process
favorable for active combustion control, especially when modulating pilot flow. The variance for the
extended length performance data is shown to be quite small except at 500 Hz where the resonant
condition occurs. The variance for the baseline data exhibits more swings, most notably at the frequency
ranges of approximately 550 to 650 Hz, and 750 to 850 Hz.

The Jansen Aircraft System Controls Modulator (JASC)

In 2009, the ACC research task had begun considering the use of Lean Direct Injection (LDI) arrays
for fuel modulation. The number of injectors in a given array could vary, but typically they numbered 6 to
9. Each injector had a flow number of around 1.0, but the composite flow number is additive if multiple
injectors were fed modulated fuel. To accommodate the ACC research applications involving LDI’s,
additional modulators were needed in order to accommodate the lower flow number LDI application
(using a single or composite injectors). In 2009 specifications were again included in another SBIR
solicitation that were identical to those already shown in Table 1 with the exception of the flow number
range which was narrowed to be between 3 and 5. A proposal was accepted from Jansen’s Aircraft
System Controls (JASC) for a modulator design and it received both Phase I and Phase I awards.

Figure 6 shows the modulator delivered by JASC resulting from that effort along with a schematic
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depiction that provides an indication of its size (about 4.1 by 2.5 by 2 in.). Its weight is about 2 Ib. In
comparison to the two magnetostrictive predecessors, this modulator design represents an 87 percent
reduction in size and about an 84 percent reduction in weight.

Figure 7 shows a cutaway view of this modulator which was patented under US 8,650,880 B1. It is
intended to serve as a reference for the general description of its operation that follows.

This design accomplishes modulation by slinging fluid from a set of flutes, attached to one end of a
rotating shaft, through stationary flow windows. Modulation frequency is controlled by the rotational
speed of the flutes; mass flow rate and modulation amplitude are controlled by the translation of the flutes
across stator windows which impacts the percentage of the open flow area. Rotation of the shaft is
accomplished by an electric motor and translation of the shaft is accomplished by the use of a
proportional solenoid. A novel transducer, referred to as the Linear Variable Transducer Resolver,
(LVTRx), was developed for this device that measures both rotation and translation of the shaft and
constitutes a source of feedback for the controller used to command its operation. This modulator was
intended to operate with a supply of fuel, a source of electrical power, and signal generator. A custom

(a) The JASC modulator. (b) Dimensional view of the JASC modulator.

Figure 6.—Views of the JASC Modulator (from Ref. 23). (a) The JASC Modulator. (b) Dimensional view of the
JASC Modulator.
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Figure 7.—Cutaway view of the JASC Modulator (from Ref. 23).
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control box was supplied that provides for digital commands to the modulator and status for data
acquisition. A square wave signal is used to command modulation frequency (shaft rotational speed), and
a 0to 10 V signal is used to control modulation amplitude (translation of the flutes relative to the stator
windows). More detailed information about the description of the valve construction and operation is
contained in the contractor’s Final reports, cited in References 22 and 23. As was true for the ASM, these
reports are not publicly available. To secure a copy of these references the reader must contact the
contractor directly and make a formal request through them. The reference they provide may be redacted
in some respects in order to protect information they consider proprietary. The contractor’s address is
provided as part of the reference as a convenience.

In the time since the modulator was delivered to NASA GRC in 2014, no performance data on the
JASC modulator has been collected by NASA GRC. This is due in part to delays in obtaining an
appropriate flow bench (fuel only) and then due to failures and malfunctions experienced during testing.
The performance data presented below was reported by JASC and its partner United Technologies
Research Center (UTRC). These tests were conducted at UTRC. Figure 8 shows a schematic of the test
setup. Fuel was supplied to a positive displacement piston pump and its pressure and volumetric output
was controlled by a bypass valve. The valve was manually operated to achieve a desired inlet pressure to
the modulator by diverting flow back to the supply. A pressure transducer just upstream of the modulator
inlet provided the necessary feedback. A flow meter and accumulator were also placed just upstream of
the modulator inlet. The accumulator was used to attenuate pump noise and to provide general flow
conditioning. The output of the modulator was directed into an atomizer. Extension tubes between the
modulator exit and the atomizer were used during some tests to measure modulation degradation. In all
cases the output of the atomizer was directed into plenum that was pressurized with nitrogen to simulate
combustor back pressure. The discharged fluid was then directed back to the supply. Additional pressure
transducers were placed at the modulator exit and just upstream of the atomizer inlet. The Active
Combustion Control Valve (ACCV) controller shown is a bread board precursor of the Electronic Control
Unit (ECU) that interfaces the Data Acquisition System (DAS).

Pressurizing by helium e Pressure sensors
e Temperature sensors
— Fuel line

A A

Fuel tank —"| Pump I l

Bypass valve
controls flow rate

Flow meter

-
-r‘ — . i e rr———— g
H g i d 3 e
. 19 ce:.020 ——
o) "".{;“'Hzm =
SO TO0 R ¥ ——— E.
$ g =373 e
3 3 ®oxegg m{
- L a -A i
ACCV controller | - —

Figure 8. —JASC/UTRC Test Setup (from Ref. 23).
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The data that was collected at UTRC was reduced in the form of frequency sweep plots of peak
modulation strength percent versus frequency. The test conditions for which these plots were generated
considered the effects of modulator inlet pressure, atomizer back pressure, and tube extension length for a
fixed axial shaft position. The actual test matrix can be defined as all possible combinations for the
following test variables:

Axial Shaft Position, x,  x € {0.01, 0.015,0.02,0.025} inches
Inlet Pressure, Pin, P, € {80,160,400,800} psi

Back Pressure, Poack  Ppacr € 0,200,400} psi

Tube Length, Lube  Leype € {0, 6,12,18} inches

The modulator utilizes two rectangular flow ports, each having a total area of 9.639x107* in.?. The flutes
are also rectangular in shape. Their number and arrangement are such that the tops of the flutes cross each
flow port in synchrony. It follows that the same is true for the flute root areas. For a given axial shaft
position, there is a corresponding minimum and maximum area that the flow must pass through 16 times
per revolution. These flow areas are summarized in Table 4 where Amin and Amax are percentages of the
total flow port area.

Peak modulation strength percent, MSpcak, was calculated from atomizer flow. Equation (3), which is
a reformulation of Equation (1), defines atomizer flow, W;. This relationship describes the orifice equation
where the mass flow, Wy (in lbm/hr), is proportional to the square root of the pressure difference across
the orifice (in psid). The proportionality constant, FN; is the flow number. For the atomizer used in the
testing, FN was empirically determined to be 2.94. Equation (4) shows the calculation of peak modulation
strength percent over the frequency range tested. The AT subscript refers to the sweep time interval. For
these tests the sweep interval was about 1 sec. Puischarge refers to the exit pressure of the atomizer and
Ppienum 18 synonymous with back pressure, Pyack. The sweeps were logarithmic and spanned a frequency
range of 200 to 1200 Hz.

Wf = FN\/ (P discharge — F plenum) 3)

mean oy [max (Wf )J —meanr [mean (Wf )}

MSpeack = x100 4)

meanpy [mean(Wf )]

Figure 9 and Figure 10 show the family of plots for the defined test matrix conditions for axial
positions of 0.01 and 0.025 in., respectively.

TABLE 4.—MINIMUM AND MAXIMUM FLOW AREA AT A GIVEN AXIAL SHAFT POSITION

Axial position, Amin, Amax,
in. percent percent
0.010 28.6 64.4
0.015 20.6 56.5
0.020 12.7 48.6
0.025 4.76 40.6
NASA/TM—2018-220003 11



50 Axial position = 0.01 in. 50 ™ Axial position = 0.01 in. 5.0 ™ Axial position = 0.01 in.
4.5 - Pin = 80 psi 45— Pin = 80 psi 45— Pin = 80 psi

40 Pback = O psi 40 — Pback = 200 psi 40 Pback = 400 psi
35
3.0
25
20
15
100

05 :
0 | \ | | I | 1 1 | I | | ! I | \ | |

0 200 400 600 800 10001200 O 200 400 €600 800 10001200 O 200 400 600 800 10001200

Peak modulation strength, percent

§ >0 Axial position = 0.01 in. 50 ™ axial position = 0.01 in, 50 ™ axial position = 0.01 in.

5 45 Pin = 800 psi 4.5 - Pin = 800 psi 4.5 - Pin = 800 psi

2_‘ 40 Pback: 0 pSI 40 — Pback =200 pSI 40 +— Pback =400 pSI

B 35 35 3.5 Tube (in.)

S 30 30k 30 F N

2251 25 25 — 6

g 20 20 - 20 |- —— 1z

B i5 " 15 15

2 10 : 1.0 1.0 M

x 05F 0.5 0.5

£ 0 | | | | | | 0 | | | | | | 0 | | | | | |
0 200 400 600 800 10001200 O 200 400 600 800 10001200 0 200 400 600 800 10001200

Frequency, Hz Frequency, Hz Frequency, Hz

Figure 9.—Peak Modulation Strength for Various Inlet and Back Pressures and Tube Lengths at Axial Position
0.01 in. (from Ref. 23).
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Figure 10.—Peak Modulation Strength for Various Inlet and Back Pressures and Tube lengths at Axial Location
0.025 in. (from Ref. 23).
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The following observations can be made from the plots of peak modulation strength:

1. Inlet Pressure Effect—The modulation strength generally decreases as inlet pressure increases.
This appeared consistently true for each family of plots. This effect is thought to be due to an
increase in mean flow with an increase in inlet pressure while being mechanically limited to
producing correspondingly higher ‘max’ flows relative to the new mean level.

2. Back Pressure Effect—No large variations are observed as back pressure increases.

3. Frequency Effect—For the 0.01 in. axial position families no large variations are observed; for
the 0.025 in. axial position families, modulation strength tends to decrease as frequency
increases.

4. Axial Position Effect—Modulation strength effectively increases with an increase in axial
position.

5. Tube Length Effect—Modulation strength effectively decreases with an increase in tube length.

The WASK Engineering Modulator (WASK)

In the year 2012 another set of specifications for a high bandwidth fuel modulator were crafted by
NASA GRC and incorporated into a SBIR solicitation. These specifications are listed in Table 5. The
intent behind these specifications was to develop a modulator with a flow number capability that was on
the order of a single fuel injector associated with a Lean Direct Injection array. Additionally, the goal was
to develop a modulator that could be directly coupled with a fuel injector. This latter goal would eliminate
modulation strength losses due to fuel pulse transmission along the line length from the remote
installation location to the location of the fuel injector, but it would require a modulator design capable of
surviving in a harsh temperature environment. Phase I and Phase II contracts were awarded to
WASK Engineering for a proposed piezoelectric-based modulator design that incorporated a fuel cooling
circuit. The modulator system that was developed is shown in Figure 11. The system components shown
in the figure include a piezoelectric actuated modulator and a custom controller with its cover removed
for clarity. Inferred from the photo of the controller, a 28 V power supply and a signal generator are
required to make this modulation system operational.

Figure 12 shows an isolated view of the modulator (to be referred to as the WASK modulator in this
section) that provides information on its volume. The first photo shows the modulator with an integrated
concentric tube that provides a means by which fuel is supplied to the modulator and it also provides a
conduit for the piezoelectric crystal power wires. The second photo isolates the modulator stack and
shows its corresponding dimensions of about 2.8 by 0.6 by 0.6 in. Its weight is about 0.3 Ib, most of
which is accounted by the weight of the piezoelectric stack and the concentric stainless steel tube and
fitting. Figure 13 shows a cutaway view of the modulator that identifies the fuel circuit, the feed wire
conduit, the piezoelectric crystal, and the pintle/bellows (valving) leading to the fuel outlet.

TABLE 5.—DESIGN SPECIFICATIONS FOR WASK MODULATOR

Maximum mean flow rate 125 Ibm/hr
Flow number range 1to5

Inlet pressure range 0 to 1000 psi
Minimum outlet pressure 250 psi
Desired modulation +40% of mean mass flow
Minimum bandwidth 1000 Hz
Flow media Water, JP-8 jet fuel
Maximum fuel inlet temperature 90 °F
Maximum operating temperature 1300 °F
Maximum volumetric dimensions 6 by 6 by 6 in.
Failure mode Open

NASA/TM—2018-220003 13



(a) WASK modulator.

Signal generator Output to ACCV
. SD-5557-003,
input (50Q BNC) TS-5556.002
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(a) WASK controller.
Figure 11.—The WASK Modulator and Controller (from Ref. 25).
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Figure 12.—Dimensional View of the WASK Modulator (from Ref. 25).
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(a) WASK modulator cutaway. (b) Flow path of fuel through WASK modulator.
Figure 13.—Cutaway Views of WASK Modulator Showing Components and Flow Path (from Ref. 25).
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In Figure 11 the controller is shown as requiring a source of electrical power and a signal source. The
user uses the signal generator to provide a sinusoidal command signal to the controller which transmits
the signal to the piezoelectric crystal. This voltage signal causes the crystal structure to strain which is
observed as an axial displacement. Fuel enters the modulator housing and flows in a cavity that surrounds
(but is isolated from) the crystal before entering another cavity constructed with bellowed walls. This
flow serves as both a heat sink for the crystal as well as the supply for fuel modulation. Displacement of
the crystal causes movement of an attached pintle that causes compression of the fluid in the bellowed
cavity and the fluid is subsequently ‘squirted’ through the outlet. A concentric tube at the housing inlet
serves as the fuel supply conduit (outer annulus) and as the conduit for piezoelectric crystal wires (inner
annulus). More detailed engineering information for this modulator is contained in the vendor’s final
reports cited in References 24 and 25. Once again, these reports are not publicly available. To secure a
copy of these references the reader must contact the contractor directly and make a formal request through
them. The reference they provide may be redacted in some respects in order to protect information they
consider proprietary. The contractor’s address is provided as part of the reference as a convenience.

Characterization tests were conducted by WASK using the flow bench schematically shown in
Figure 14 which is annotated with photos of actual hardware. The design parallels the NASA GRC short
configuration design described in Figure 3 with the exception that the WASK design doesn’t use a
pressurized vessel to backpressure the downstream side of the simulated injection orifice. Rather,

Water : Downstream high
supply ¥ £ ek S frequency pressure
\ / i 4 transducer Upstream pressure
/f <~ Upstream pressure PCB#105C12 transducer Stellar
/ transducer Stellar Tech (0 to 1,000 psi) Tech
Parker / (0 to 1,000 psi) (0 to 500 psi)
Hannifin ;"
diaphragm / 4 o
accumulators / // Injection
—Shutoff / cavity —
valve \

/ B i —

“— 750 psi piston pump

s /
System pressure Eﬂ <=McMillan #104 / 4
flow sensor / !
control valve P —Downstream /' pownstream
Active combustion  / ,// injector (orifice) // orifice —
control valve — / H \

Figure 14.—Schematic of the WASK Flow Bench (from Ref. 25).
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a ball valve is used downstream of the injection orifice for that purpose. The WASK system used a
positive displacement piston pump and water was used as the working fluid. The output from a piston
pump is quite noisy and so, for that reason, accumulators were used on its downstream side to attenuate
oscillations in the fluid prior to reaching the inlet of the modulator. A ball valve upstream of the
modulator was used to regulate system pressure by directing some of the pumped fluid to a drain. The
shutoff valve was installed to facilitate the removal of the modulator from the system.

The fluid system being measured is a transient system and considered quasi-steady state. Both high
and low frequency response pressure transducers were placed immediately upstream of the modulator
(PDO001 and PS001, respectively) and at the modulator exit (PD002 and PS002). The low frequency
transducers are intended to measure the DC pressure level (they measure pressure absolutely); the high
frequency transducers measure the AC level (they do not provide an absolute pressure measurement, just
the displacement from the mean pressure). The sensing surfaces of the pressure transducers were oriented
perpendicular to the fluid flow direction and were therefore making static measurements. The orifice
simulating fuel injection was placed within 2 in. of the modulator discharge port. The downstream high
frequency pressure transducer was placed midway between the discharge port and the orifice inlet. The
downstream low frequency transducer was installed about 8 in. downstream of the downstream high
frequency transducer, yet upstream of the downstream orifice that is used to control backpressure.

Figure 15 shows a calibration curve for the modulator resulting from the first flow test. A constant
pressure of 300 psi water was established as the input supply to the modulator and then the input DC
offset voltage was progressively increased (0 to 8.36 V — fully open to fully closed) to achieve
incremental changes in crystal voltage of 20 V (0 to 100 V). The resulting curve of flow number as a
function of input voltage is not strictly linear, but it does exhibit a linear trend. In consideration of this
observation, the curve serves as a guide for determining the required DC offset voltage produced as an
output of the signal generator necessary for establishing a mean flow rate (flow number). It should be
noted that the piezoelectric crystal is still limited to 100 V, so the sum of commanded sinusoid amplitude
voltage together with the DC offset voltage cannot exceed 8.36 V (signal generator voltage). This
constraint poses a research question pertaining to the practical usage of this modulator as to how low of a
flow number can be achieved and still have sufficient modulation amplitude available. The question is
best answered empirically from combustion test data.

Signal S I 4.0 r Flow number vs. input voltage
generator | actuator | coefficient 3.5
voltage voltage Cv Fn g 30
0.00 0 0.00736 3.68270 g 2.5
1.67 20 000620 309978 S 20
3.35 40 0.00338 1.69074 = 13
5.02 60 0.00147 0.73494 0:5
6.69 80 0.00080 0.40221 0 | l ! I
8.36 100 0.00011 0.05499 R & by g . 19

Input voltage, volts
Figure 15.—Flow Number versus Input Voltage (from Ref. 25).
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TABLE 6.—FLOW MODULATION TEST CONDITIONS

Inlet Flow DC offset Amplitude, Frequency,
pressure, number voltage, v Hz

psig \Y

344 0.386 4.18 4.10 250

346 0.403 4.18 4.10 500

345 1.25 4.18 4.10 750

345 1.057 4.18 4.10 1000

Table 6 lists the conditions for representative flow modulation tests conducted by WASK Engineering
using sinusoidal command signals. The flow bench described in Figure 14 was used for these tests. An
orifice having a flow number of 1 was used as the downstream injector orifice in the WASK setup.
Figure 16 to Figure 19 show the results of the tests.

Figure 16 shows the result for modulation test at 250 Hz. In Figure 16(b), the upstream pressure
measurement is shown having a relatively symmetric sinusoidal appearance (with frequency ~250 Hz)
with a mean of approximately 343 psig and an amplitude of about 8 psig. The mean validates the inlet
pressure condition; the sinusoidal appearance results from downstream modulated pressure waves being
reflected upstream after encountering a hard boundary. For this modulation frequency, this ‘low
frequency’ transducer has measured an amplitude that is comparable to the measurement of the ‘high
frequency’ transducer shown in Figure 16(a). The most noticeable discrepancy between these two
measurements is with regard to their phase, which appears to differ by as much as 180°. This is due to the
spatial distance between the measuring locations for these two transducers. The mean of the downstream
pressure shown in Figure 16(b) is around 341 psig which is about an average 2 psig drop across the
modulator. Using this measurement and the FN listed in Table 6 for this condition in Equation (1), the
mass flow rate is calculated as 0.55 Ibm/hr. The general appearance of the downstream pressure
(Figure 16(b)) is also a relatively symmetric sinusoid. Recall this measurement is taken downstream of
the injection orifice. Its amplitude and general appearance differs somewhat from the measurement made
upstream of the injection orifice (Figure 16(a)) which is about 8 in. away. The presence of harmonic
frequencies is seen in both pressure traces, but they are more pronounced and of greater magnitude in the
PDO001 transducer. It should also be noted that the measurement from the PD001 transducer is not
centered around zero. The vendor reported that discussions with the transducer supplier concluded that
“A zero pressure measurement by the sensor does not necessarily indicate the average static pressure.
Therefore, the overall downstream pressure variation, the difference between the maximum and minimum
measured pressure values, is how the results should be interpreted.” That said, the overall pressure
variation indicated here is about 200 psig. That implies an amplitude swing of about £100 psig. A
100 psig amplitude on top of a mean of 341 psig calculates as a modulation strength of 29.3 percent on a
pressure basis. Recall, however, that this measurement is made immediately upstream of the injection
orifice and so the amplitude of the pressure measurement made by PD002 (downstream of the orifice and
8 in. further down) may be a better indicator. For that measurement the amplitude is about 2 psig on top
of a mean value of 341 psig. The modulation strength then calculates as 0.6 percent which indicates a
significant attenuation! Figure 16(c) shows the power spectrum for the PD001 transducer measurement.
The commanded frequency is the dominant frequency reported, but a number of harmonics are also
present. This is very troublesome from an ACC perspective as the other harmonics can induce the
creation of instabilities in the combustor other than the one being controlled. Note that employing a high
frequency pressure transducer downstream of the orifice would have been helpful as a power spectrum of
that measurement could be compared to determine whether the harmonics are eliminated as the
modulation signal is attenuated. The scrutiny applied to this 250 Hz case can also certainly be applied
individually to the plots for the remaining three frequencies. However, in lieu of this approach
generalizations will be made in an attempt to characterize the modulator performance.
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In Figure 17(b), Figure 18(b), and Figure 19(b), the upstream pressure measurement, PS001,
consistently verifies the inlet pressure condition and it indicates the presence of a sinusoidal frequency.
This is corroborated by its high frequency measurement counterpart, PD001, shown in plot ‘a’ for each of
these respective figures. The magnitude of this sinusoidal amplitude, in comparison to that of the
downstream pressure measurement, PD001, is considerably smaller, yet in comparison to the attenuated
downstream measurement, PD002, it is very comparable. The inference here is that the modulator

transmits the majority of the energy in the fuel pulse downstream, but it is quickly dissipated by the

resistances posed by the orifice and fuel line. Another observation with respect to the upstream and
downstream low frequency measurements is the magnitude of their mean. For the 250 and 500 Hz cases
the mean of the upstream measurement was slightly greater than the mean of the downstream
measurement. For the 750 and 100 Hz cases the reverse is true. This is presumed as being due to poor
calibration of the sensor.

The amplitude of the sinusoidal measurement, PD001, is consistently in the 100 to 150 psig range for

the frequencies shown and consistently dwindles to an amplitude of 1 psig or less in an 8 in. distance. The

power spectrum plots for the PD001 measurement show the dominant frequency to be the commanded
frequency, but with higher harmonics. This modulator was intended to be closely coupled with fuel
injectors and the performance data would seem to indicate that it should be so since its modulation
strength dissipates in a very short distance.
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Figure 16.—Flow Modulation Test at 250 Hz (from Ref. 25).
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Figure 17.—Flow Modulation Test at 500 Hz (from Ref. 25).
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Figure 18.—Flow Modulation Test at 750 Hz (from Ref. 25).
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Figure 19.—Flow Modulation Test at 1000 Hz (from Ref. 25).

Conclusions and Future Work

The Georgia Tech Valve (GTV) demonstrated itself as an effective tool for Active Combustion
Control (ACC) when main fuel supply modulation was implemented, but it was not effective for pilot
supply modulation. This is because its nominal flow number design point prevented it from effectively
operating at the lower flow numbers required for pilot flow modulation. For this reason the Active Signal
Modulator (ASM), the Jansen’s Aircraft System Controls (JASC) modulator, and the WASK Engineering
modulator were procured. The focus of this paper has been to provide a cursory description of these latter
modulators’ physical construction and to describe their performance characteristics leading into actual
ACC testing. The ASM and the JASC modulators have yet to be tested with actual combustion hardware
due to hardware failures and/or malfunctions; the WASK modulator has been used in some tests, but the
data is not complete for this publication. Laboratory performance tests that have been conducted on these
devices indicate good potential for achieving a successful ACC implementation. The ASM modulator was
tested under only a short configuration condition, so the amount of attenuation that can be expected with
its generated fuel pulse prior to reaching the fuel injector remains an unknown. The WASK modulator
was tested with long configuration conditions (8 in.), and exhibited significant attenuation of its fuel
pulse. The JASC modulator was tested under long configuration conditions and the test results indicate
suitability as a candidate for ACC research. As fuel modulation opportunities arise in combustion
research facilities at the National Aeronautics and Space Administration Glenn Research Center (NASA
GRC), these three devices will be individually selected based on the best fit for the research application.
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